Objectives-To investigate endometrial blood flow during the menstrual cycle in patients undergoing controlled ovarian hyperstimulation (COH), in vitro fertilization (IVF), and embryo transfer (ET) and prediction of pregnancy outcomes based on these characteristics. Results-The uterine radial artery RI during the early follicular phase was significantly lower in the pregnant group than in the nonpregnant group (mean 6 SD, 0.61 6 0.01 versus 0.66 6 0.01; P 5 .029). There was no significant difference between groups during the midfollicular, preovulatory, and midluteal phases (mean 6 SD, 0.60 6 0.02 versus 0.60 6 0.01; P 5 .84; 0.61 6 0.09 versus 0.57 6 0.01; P 5 .12; 0.54 6 0.01 versus 0.57 6 0.02; P 5 .32, respectively). There was a significant difference in endometrial blood flow between the pregnant and nonpregnant groups during each phase (P 5 .016). The difference in the changes of the uterine radial artery RI from the preovulatory to midluteal phase between the pregnant and non pregnant groups was significant (20.002 6 0.03 versus 0.07 6 0.02; P 5 .038).
D uring a normal menstrual cycle, blood flow to the uterus changes in a regular pattern 1 This change occurs because sufficient blood flow to the endometrium during the implantation stage is necessary for achieving pregnancy. The pattern of blood flow changes can be evaluated by measuring blood flow to the endometrium throughout a normal menstrual cycle. Previous studies have confirmed that blood flow to the uterus is higher in the midluteal phase, during which implantation occurs, than in the follicular phase 2 ; therefore, sufficient blood flow has been identified as an important factor for achieving pregnancy. 1, 2 In addition, angiogenesis in the endometrium is known to play an important role in not only implantation but also endometrium proliferation and the development of dominant follicles. 3 Additionally, it is known that blood flow to the uterus is lower in infertile patients and or patients with recurrent miscarriages compared to healthy individuals. 4, 5 Good-quality embryos and endometrial receptivity are important factors of successful in vitro fertilization (IVF) and embryo transfer (ET). Methods for selecting good-quality embryos have been developed with the aid of technological advancements and have been used in clinical settings. 6, 7 However, assessing endometrial receptivity has been challenging, since the environment inside the endometrium naturally changes every month. Nevertheless, the most widely used method for evaluating the endometrial environment is the serum progesterone level on the human chorionic gonadotropin (hCG)-triggering day. 8, 9 Also, the endometrial pattern, rather than the thickness evaluated by 2-dimensional (2D) or 3-dimensional (3D) ultrasonography (US), is widely used for improving IVF-ET outcomes. 10 Molecular markers and other histologic characteristics have been introduced as means to assess endometrial receptivity. 7 However, these methods are invasive and do not allow ET to be performed during the same menstrual cycle as the endometrial receptivity assessment. Owing to these shortcomings, these methods are not used widely. With recent developments in US technology, assessment of the uterine artery and uterine microvessels has become possible. Various methods for assessing endometrial receptivity using Doppler US have been introduced, and results have been published with regard to these methods. [11] [12] [13] [14] [15] One study reported that blood flow to the endometrium affects pregnancy outcomes in frozen-thawed ET. On the contrary, another study reported that blood flow to the endometrium is not useful in predicting frozenthawed ET results. 11 In addition, the difference in blood flow to the endometrium between the late follicular phase and early luteal phase, rather than blood flow at a certain phase, was reported to be an important factor of endometrial receptivity. 12 However, another study reported that changes in blood flow to the endometrium do not affect IVF and ET results. 15 Therefore, this study aimed to measure blood flow to the endometrium during ovarian hyperstimulation and IVF in a continuous manner and to investigate characteristics of the blood flow that may be useful in predicting pregnancy outcomes.
Materials and Methods

Patients
This study was approved by the Institutional Review Board of Cheil General Hospital and Women's Healthcare Center, and all patients provided written informed consent. This study was designed prospectively to investigate characteristics of blood flow to the endometrium in patients who would be undergoing controlled ovarian hyperstimulation (COH) and IVF-ET from September to December 2015 in Cheil General Hospital and Women's Healthcare Center. Among patients undergoing COH and IVF-ET, those with factors known to potentially affect IVF-ET results (age > 40 years, repeated implantation failures, uterus-related factors, polycystic ovarian syndrome, and poor responders) were excluded. Blood flow to the endometrium was measured in the remaining 39 patients. Among these patients, those whose blood flow could not be measured continuously were excluded from the data analysis, and only the results of the remaining 35 patients were analyzed ( Figure 1 ). Patients were divided into 2 groups based on pregnancy outcome: nonpregnant (n 5 15) and pregnant (n 5 20). ; Merck Serono SA) was administered when at least 3 follicles measured 18 mm or larger. Oocytes were retrieved after 36 hours. Embryo transfer was performed 3 days after oocyte retrieval. The ET number depended on embryo quality and patient age. Luteal support consisted of a 50-mg intramuscular injection of progesterone in oil (P4; Watson Pharmaceuticals, Inc, Parsippany, NJ) daily starting the day after oocyte retrieval until a serum pregnancy test. Results of IVF-ET were obtained 12 days after oocyte retrieval as measurements of b-hCG in the serum, and pregnancy was defined when the b-hCG value was 50 mIU/mL or higher ( Figure 2 ).
Controlled Ovarian Hyperstimulation Protocol
Evaluation of Endometrial Blood Flow
Blood flow to the endometrium during COH was measured in the early follicular phase (menstrual cycle day 2-3), when gonadotropin was administered, the midfollicular phase (menstrual cycle day 7-8), when GnRH antagonist administration was initiated, and the preovulatory phase, when hCG was administered. Furthermore, 3-day ET was performed, and blood flow to the endometrium was then measured 5 to 7 days after ET during the midluteal phase (Figure 2 ).
Blood flow to the endometrium was measured with an Accuvix V10 US machine (Samsung Medison, Seoul, Korea). First, the true sagittal plane of the uterus was obtained. Second, a 6-MHz pulsed Doppler system was used in a B-mode examination at the junction between the endometrium and myometrium. The waveforms from the uterine radial artery were obtained by placing the Doppler over the color area and activating the pulsed Doppler function. After at least 5 consecutive waveforms were obtained, the resistive index (RI) was checked. To reduce errors in blood flow measurements, the RI was measured in 3 different uterine radial arteries in each phase, and the mean value was used in the analysis. These tests were performed by a single expert sonographer. The RI was calculated as follows: (1 -diastolic flow)/systolic flow ( Figure 3 ).
Statistical Analysis SPSS version 16.0 software (IBM Corporation, Armonk, NY) was used for the statistical analysis. The basal characteristics and uterine radial artery RI values in each group were compared by the Student t test, and a general linear model was used for comparison of repeated measures. P < .05 was considered statistically significant. 
Results
There were no significant differences in anti-m€ ullerian hormone, follicle-stimulating hormone, luteinizing hormone, and estradiol levels measured on menstrual cycle day 2 to 3 between the pregnant and nonpregnant groups. The mean age of the pregnant group was almost statistically significantly lower than that of the nonpregnant group. There were no significant differences between the groups in terms of the gonadotropin dose used during COH, the number of oocytes retrieved, and the number of embryos transferred (Table 1) .
Endometrial Blood Flow
The uterine radial artery RI measured in the early follicular phase (menstrual cycle day 2-3) was lower in the pregnant group than in the nonpregnant group, and this difference was statistically significant. However, there were no significant differences in the uterine radial artery RI measured during the midfollicular phase (menstrual cycle day 7-8), during which the GnRH antagonist was administered, the preovulatory phase, during which hCG was administered, and the midluteal phase, which occurred 5 to 7 days after ET, between the groups (Table 2) .
Changes in Blood Flow in the Endometrium
A comparison of patterns of blood flow changes in the endometrium in the pregnant and nonpregnant groups showed that the blood flow was significantly different between the groups in each phase (P 5 .016; Figure 4 ). In addition, a comparison of blood flow to the endometrium in different phases showed that the uterine radial artery RI was lower in the midluteal phase than in the preovulatory phase in a significant manner in the pregnant group. In contrast, in the nonpregnant group, the uterine radial artery RI was higher in the midluteal phase than in the preovulatory phase (Table 2) .
Discussion
Good-quality embryos and an adequate environment within the endometrium are important factors for successful IVF-ET. Many methods have been developed to assess the environment within the endometrium, specifically endometrial receptivity, but they are mostly invasive. 7 Studies have reported that 2D or 3D US is advantageous compared to other assessment methods for assessing the uterus or vascularity of the endometrium, in that it can evaluate endometrial receptivity noninvasively and can be used during the same menstrual cycle as the performance of IVF.
Many study results determined whether blood flow to the endometrium and the uterus measured by 2D or 3D Doppler US could be used to predict pregnancy outcomes in infertility, COH and IVF-ET, and frozenthawed ET cycle situations, but their findings were inconsistent. 13, 14, 16 Moreover, studies differ on the basis of their methods of measuring blood flow to the endometrium and the phases in which measurements are obtained. Kim et al 17 used 3D US during COH and IVF-ET to measure endometrial and subendometrial vascularity on the day of hCG administration. They reported that vascularity was significantly higher in the pregnant group than in the control group and also suggested a cutoff level for the vascular index that could be used to predict successful pregnancy. 17 Another study reported that blood flow to the endometrium in a frozen-thawed ET cycle is associated with pregnancy success.
11 Raine-Fenning et al 13 reported that the vascularity change from the late follicular phase to early luteal phase, rather than vascularity in a single certain phase, is associated with endometrial receptivity.
There are many variable results concerning IVF outcomes and its association with endometrial blood flow.
Most studies that used 2D or 3D Doppler US to assess endometrial receptivity performed the assessment in a frozen-thawed ET cycle because the supraphysiologic level of estradiol resulting from administration of gonadotropin from an external source is known to affect endometrial vascularity in COH; therefore, it is difficult to independently assess characteristics of the endometrium. 18 To eliminate these influences and understand characteristics of blood flow to the endometrium, a previous study assessed vascularity in a continuous manner during a frozen-thawed ET cycle. It reported that blood flow to the endometrium changed in each phase of the menstrual cycle but found no significant differences between pregnant and nonpregnant groups with respect to these changes. 19 The advantage of our analysis was that endometrial blood flow was measured continuously in a COH and IVF-ET cycle. Thus, the results of this study present a new concept and data concerning endometrial blood flow during COH and IVF-ET. Unlike previous studies, Data are presented as mean 6 SD. AMH indicates anti-m€ ullerian hormone; E 2 , estradiol; FSH, follicle-stimulating hormone; LH, luteinizing hormone; and MCD, menstrual cycle day. Data are presented as mean 6 SD.
Koo et al-Study of Endometrial Blood Flow in COH and IVF-ET
this one included continuous measurements of blood flow to the endometrium during COH and IVF-ET. A significant change in the uterine radial artery RI could be observed in each phase. In other words, blood flow to the endometrium changed continuously during COH. In addition, the uterine radial artery RI peaked during the preovulatory phase, in a manner similar to a natural menstrual cycle, in the pregnant group. The uterine radial artery RI decreased in the midluteal phase, meaning that blood flow to the endometrium decreased before ovulation and increased in the midluteal phase, during which implantation occurs. However, in the nonpregnant group, the uterine radial artery RI was higher in the midluteal phase, during which implantation occurs, compared to the preovulatory phase, meaning that blood flow to the endometrium was reduced. These results seem to suggest that blood flow to the endometrium during the implantation period after ET may influence IVF-ET results, and the pattern of the changes in blood flow is more important than absolute changes. Based on our data, blood flow in the preovulatory phase in the nonpregnant group was higher than that in the pregnant group. However, after ET, the endometrial blood flow decreased, and consequently, pregnancy was not achieved. These results emphasize once again that endometrial blood flow in the midluteal phase plays a crucial role in IVF-ET success. 2 One notable observation was that, at the start of COH or during the early follicular phase, the uterine radial artery RI was higher in the nonpregnant group than in the pregnant group in a statistically significant manner. Therefore, it can be said that blood flow to the endometrium at the start of COH can affect COH and IVF-ET results. Although the references are not sufficient, endometrial blood flow in patients with recurrent pregnancy loss is decreased, which means that the basic receptivity of the endometrium is important not only for maintenance but also for achieving pregnancy. 5, 18 However, there were no significant differences in the uterine radial artery RI between the nonpregnant and pregnant groups in the midfollicular and preovulatory phases. Furthermore, there was no similar pattern compared to the natural cycle of endometrial blood flow during COH. Therefore, in the evaluation of endometrial blood flow for prediction of the IVF-ET outcome, we hypothesize that it is not desirable to measure endometrial blood flow during COH because multiple factors affect the endometrial environment. However, to prove this hypothesis, several factors should be studied, such as cytokine levels and endometrial blood flow on 2D Doppler US. Based on our results, treatments that increase blood flow to the endometrium before commencing COH may be expected to improve IVF-ET outcomes.
This study had the following limitations. First, the study lacks reproducibility, as it measured blood flow to the endometrium by measuring the uterine radial artery RI on 2D Doppler rather than 3D Doppler US. There was no previously reported evidence concerning the timing and duration for evaluation of endometrial blood flow associated with endometrial receptivity. Thus, this study was performed empirically and arbitrarily. Second, this study did not account for possible variations in the COH and IVF-ET cycle and menstrual cycle. Moreover, the number of patients included was small. However, blood flow to the endometrium was measured in a total of 39 patients, a sample size similar to a previously reported study by Nandi et al. 19 Last, the pregnant group was almost statistically significantly younger than the nonpregnant group, which could indicate that age is associated with differences in endometrial blood flow and could be a determinant of pregnancy, as oocyte age is an important prognostic factor for pregnancy.
This study had the advantages of measuring blood flow to the endometrium relatively easily without 3D Doppler equipment and being one of the few prospective studies that measured blood flow to the endometrium in a continuous manner during a COH cycle.
Therefore, the results of this study can be expected to be a foundation for the development of treatments that may improve COH and IVF-ET outcomes. In the field of infertility, 2D and 3D Doppler US is widely used to evaluate the endometrial environment, especially in patients with unexplained repeated implantation failures. Based on our results, evaluation of the endometrial environment by 2D or 3D Doppler US, combining endometrial pattern examination and serum progesterone level measurement on the hCG-triggering day, represents a noninvasive and simple technique that would aid in improving IVF-ET outcomes.
In the future, we will compare endometrial blood flow between normal menstrual cycles and COH cycles using 2D and 3D Doppler US. In addition, we will study the decision cutoff level for the uterine radial artery RI in COH and IVF-ET cycles according to the pregnancy outcome. Furthermore, we will try low-molecular-weight heparin treatment for increased COH and IVF-ET outcomes in patients with decreased endometrial blood flow.
